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SUMMARY
Summary
The large impacts of drought on society, economy and environment urge for a thorough inves-
tigation. A good knowledge of past drought events is important for both understanding of the
processes causing drought, as well as to provide reliability assessments for drought projections
for the future. Preferably, the investigation of historic drought events should rely on obser-
vations. Unfortunately, for a global scale these detailed observations are often not available.
Therefore, the outcome of global hydrological models (GHMs) and off-line land surface models
(LSMs) is used to assess droughts. In this study we have investigated to what extent simulated
gridded time series from these large-scale models capture historic hydrological drought events.
Results of ten different models, both GHMs and LSMs, made available by the WATCH project,
were compared. All models are run on a global 0.5◦ grid for the period 1963-2000 with the same
meteorological forcing data (WATCH forcing data). To identify hydrological drought events,
the monthly aggregated total runoff values were used. Different methods were developed to
identify spatio-temporal drought characteristics.
General drought characteristics for each grid cell, as for example the average drought duration,
were compared. These characteristics show that when comparing absolute values the models
give substantially different results, whereas relative values lead to more or less the same drought
pattern. Next to the general drought characteristics, some documented major historical drought
events (one for each continent) were selected and described in more detail. For each drought
event, the simulated drought clusters (spatial events) and their characteristics are given for one
month during the event. It can be concluded that most major drought events are captured
by all models. However, the spatial extent of the drought events differ substantially between
the models. In general the models show a fast reaction to rainfall and therefore also capture
drought events caused by large rainfall anomalies. More research is still needed, since here we
only looked at a few selected number of documented drought events spread over the globe. To
assess more in detail if these large-scale models are able to capture drought, additional quantita-
tive analyses are needed together with a more elaborated comparison against observed drought
events.
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1 INTRODUCTION
1 Introduction
Drought is a natural hazard that occurs all over the world, because of climate variability. It
is also one of the least understood natural hazards (Wilhite, 2000). This is partly due to the
fact that drought develops slowly and imperceptibly and may therefore remain unnoticed for
a long time (Tallaksen & van Lanen, 2004). Drought can have large economic, social and en-
vironmental impacts. The consequences and costs of drought are difficult to estimate due to
the regionally extensive occurrence and the fact that drought affects many different sectors,
which cannot all be put in economic numbers (Markandya et al., 2009). Published data on
the economic costs of drought usually refer to one sector, one region and one year (EurAqua,
2004). Data for Europe from 2000 to 2006 show that each year on average 15% of the EU
total area and 17% of the EU total population have suffered from the impact of droughts (Eu-
ropean Commission, 2006). The total cost of droughts over the past 30 years amounts to 100
billion Euros (European Commission, 2007). One recent severe drought in Europe occurred in
2003 and spread over a large area. More than 30.000 people died from the associated heat wave.
The large impacts of drought on the society, economy and environment urge for a thorough
investigation of drought processes. This is even more important because drought is likely to be-
come more extreme in many places of the world due to global change (e.g. Bates et al. (2008)).
Past drought events have to be well understood to identify adequate drought projections. The
space-time development, distribution and occurrence of drought events in the past century have
been studied at different spatial scales e.g. catchment (Hisdal & Tallaksen, 2003; Peters et al.,
2006; Tallaksen et al., 2009), regional (Hisdal et al., 2001; Sheffield et al., 2004; Andreadis
et al., 2005; Shukla & Wood, 2008; Bordi et al., 2009; Stahl et al., 2010; Wong et al., 2011)
and global scale (Fleig et al., 2006; Sheffield & Wood, 2007; 2008; Dai et al., 2009; Sheffield
et al., 2009). Preferably, the investigation of historic drought events should rely on observations,
but only few large-scale studies do (e.g. Bordi et al. (2009); Wilson et al. (2010); Prudhomme
et al. (2011); Stahl et al. (2011); Wong et al. (2011)). Most studies predominantly use (global)
hydrological models and off-line land surface models to assess drought and very often in a single
model context, although it is anticipated that models deviate in outcome and against observa-
tions (e.g. Prudhomme et al. (2011); Stahl et al. (2011)).
This study intercompares global hydrological drought in a multi-model setting. The multi-model
experiments of the EU-funded WATCH project (www.eu-watch.org) provide the opportunity
for such analyses (Haddeland et al., 2011). We used a subset of the WATCH model ensemble
(i.e. 10 large-scale models) with the aim to explore to what extent the models capture historic
hydrological drought events (Fig. 1). Some models are classified as global hydrological models
(GHMs), whereas others belong to the off-line land surface models (LSMs). All 10 models were
run over the period 1963-2000 on a global 0.5 degree grid and forced by the same weather data
obtained from the WATCH Forcing Data (WFD, Weedon et al. (2011)).
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Figure 1: Flow chart showing the context of the multi-model intercomparison of large-scale
models for the second part of the 20th century within WATCH. The red box indicates the data
used in this study.
First we will briefly summarize the main properties of the suite of large-scale models (GHMs
and LSMs) that has been used in this study, followed by a description of the common forcing
data (WFD) and the drought identification approach (Chapter 2). Then we will present the
global distribution of average duration of drought in runoff as an example of a general drought
characteristic. Maps of all ten large-scale models will be presented. We also will intercompare
the number of land grids that have a large number of days with zero runoff. Next we will
present for each continent a major documented drought event and how this has been simulated
with the different large-scale models. We will use spatial drought clusters and some of their
properties (e.g. area, centroid) to describe agreement among the models (Chapter 3). Finally,
we will draw some conclusions.
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2 Methodology and data
The multi-model analysis is carried out with ten different large-scale models, both Land Surface
Models (LSMs) and Global Hydrological Models (GHMs). The models used in this study are
described below. The drought analysis is done using monthly aggregated runoff time series of
these models. The method for drought analysis is also given below.
2.1 Large-scale models
Through the EC-FP6 project WATCH (Water and Global CHange) results from different large-
scale models are available. In this multi-model analysis ten models are used: H08, HTESSEL,
JULES, Orchidee, MATSIRO (LSMs) and WaterGAP, MPI-HM, LPJml, GWAVA, MacPDM
(GHMs). We followed the division in subgroups proposed by Haddeland et al. (2011). In Table
1 some characteristics for each of the models are given.
All models have the same model setup and forcing data, as described in detail by Haddeland
et al. (2011). All models use the land mask defined by CRU (Climate Research Unit), resulting
in a resolution of 0.5◦ x 0.5◦ for land points only (67420 cells). They were run for a 43-year
period (1958-2000), of which the first 5-years were used as spin-up period (1958-1962). Human
impacts such as reservoir operation and water withdrawals for agriculture or drinking water were
not included. In this study we focused on hydrological drought at the global scale. Therefore,
we have used the time series of total runoff (sum of surface runoff Qs and subsurface runoff Qsb).
The runoff values are available at a daily time step, however for the drought analysis the daily
simulated runoff values were aggregated up to a monthly scale. Aggregating was performed to
minimize the impact of too flashy model simulations. Next to that, it can be expected that the
impact of a major drought event, as opposed to a flood event, is still observable at the monthly
time scale due to its long duration and slow response.
2.2 Forcing data
The meteorological forcing data for all models were the WATCH Forcing Data (WFD) de-
veloped by Weedon et al. (2010; 2011), but the time step and meteorological variables used,
differ between the models (Table 1). The WFD consist of gridded time series of meteorological
variables (e.g. rainfall, snowfall, temperature, wind speed) both on a subdaily and daily basis
for 1958-2001. The data have a resolution of 0.5◦ x 0.5◦. The WFD originate from modifi-
cation (bias-correction and downscaling) of the ECMWF ERA-40 re-analysis data, which are
subdaily data on a one-degree spatial resolution (Uppala et al., 2005). The different weather
variables have been interpolated and corrected for elevation differences between the ERA-40
one degree elevations and the CRU half-degree elevations. For precipitation, the ERA-40 data
were firstly adjusted to have the same number of wet (i.e. rain- or snow-) days as the CRU
wet day data. Next, the data were bias corrected using monthly GPCC precipitation totals
(Schneider et al., 2008) and finally, gauge-catch corrections were applied separately for rainfall
and snowfall. Additionally, the interpolated ERA-40 near-surface temperatures were elevation
corrected and bias-corrected using both CRU monthly average temperatures and CRU monthly
average diurnal temperature ranges. For more information the reader is referred to Weedon
et al. (2010; 2011).
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Table 1: Main characteristics of the participating models (derived from Haddeland et al.
(2011))
Model
namea
Model
timestep
Meteorological
forcing variablesb
Energy
balance
Evapotrans-
piration
schemec
Runoff schemed Snow
scheme
Reference(s)
GWAVA Daily P, T, W, Q, LWn,
SW, SP
No Penman-
Monteith
Saturation ex-
cess/Beta func-
tion
Degree
day
(Meigh et al., 1999)
H08 6 h R, S, T, W, Q,
LW, SW, SP
Yes Bulk formula Saturation ex-
cess/Beta func-
tion
Energy
balance
(Hanasaki et al., 2008)
HTESSEL 1 h R, S, T, W, Q,
LW, SW, SP
Yes Penman-
Monteith
Variable infiltra-
tion capacity/
Darcy
Energy
balance
(Balsamo et al., 2009)
JULES 1 h R, S, T, W, Q,
LW, SW, SP
Yes Penman-
Monteith
Infiltration ex-
cess/ Darcy
Energy
balance
(Best et al., 2011;
Clark et al., 2011)
LPJmL Daily P, T, LWn, SW No Priestley-
Taylor
Saturation excess Degree
day
(Bondeau et al., 2007;
Rost et al., 2008)
MacPDM Daily P, T, W, Q, LWn,
SW
No Penman-
Monteith
Saturation ex-
cess/Beta func-
tion
Degree
day
(Arnell, 1999;
Gosling & Arnell,
2011)
MATSIRO 1 h R, S, T, W, Q,
LW, SW, SP
Yes Bulk formula Infiltration
and saturation
excess/ Ground-
water
Energy
balance
(Takata et al., 2003;
Koirala, 2010)
MPI-HM Daily P, T No Thornthwaite Saturation ex-
cess/Beta func-
tion
Degree
day
(Hagemann & Gates,
2003; Hagemann &
Du¨menil, 1998)
Orchidee 15 min R, S, T, W, Q,
SW, LW, SP
Yes Bulk formula Saturation excess Energy
balance
(de Rosnay & Polcher,
1998)
WaterGAP Daily P, T, LWn, SW No Priestley-
Taylor
Beta function Degree
day
(Alcamo et al., 2003)
a
Model names written in bold are classified as LSMs in this paper; the other models are classified as GHMs.
b
R: Rainfall rate, S: Snowfall rate, P: Precipitation (rain or snow distinguished in the model), T: air temperature, W: Wind
speed, Q: Specific humidity, LW: Longwave radiation flux (downward), LWn: Longwave radiation flux (net), SW: Shortwave
radiation flux (downward), SP: Surface pressure
c
Bulk formula: Bulk transfer coefficients are used when calculating the turbulent heat fluxes.
d
Beta function: Runoff is a nonlinear function of soil moisture.
2.3 Drought analysis
The following section presents a short overview of the implementations which have been per-
formed to identify whether within a given region of the world, a drought occurs for a given
time step. Two different steps are presented. First, it is explained how one is able to asses
whether within a given half-degree grid cell a drought occurs. It can be expected a drought
event is larger than an individual cell. Therefore, at the global scale a clustering analysis was
implemented as well, which is able to identify multiple cells corresponding to the same drought
region. The main benefit of this method is that, since the clustering method is performed for
different drought severities, it provides information about the spatial impact of the drought at
possibly multiple impact levels.
2.3.1 Temporal drought identification
Two different methods were implemented to derive hydrological drought from the modelled
time series, the threshold level method and the consecutive dry period (CDP) approach. For
situations where runoff values are larger than zero, the threshold level method (Yevjevich, 1967;
Hisdal et al., 2004) is used. With this method, a drought occurs when the variable of interest
(e.g. streamflow, precipitation, recharge) is below a predefined threshold (Fig. 2). The start of
a drought event is indicated by the point in time when the variable falls below the threshold and
the event continues until the threshold is exceeded again. Drought characteristics commonly
derived with this method are beginning, end, duration, deficit volume, and minimum flow during
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an event (Hisdal et al., 2004; Fleig et al., 2006). Both a fixed and variable (seasonal, monthly,
or daily) threshold can be used (Hisdal et al., 2004). In this study a monthly threshold is used.
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Figure 2: Threshold level method with a variable (monthly) threshold (Van Huijgevoort et al.
(2010) data from Tallaksen & van Lanen (2004)).
Unfortunately, the threshold approach has difficulties to make a distinction between a drought
and a normal situation for regions where zero runoff is observed during part of the year, ei-
ther because precipitation occurs in the form of snow (winter period in higher latitudes) or is
not observed at all (arid and semi-arid regions). Therefore, for cells which have a zero runoff
for at least 5% of their time series, a consecutive dry period (CDP) approach was developed.
This technique is related to the consecutive dry day approach originally developed to study
meteorological drought (Vincent & Mekis, 2006; Groisman & Knight, 2008; Deni & Jemain,
2009). In its current implementation, this method is combined with the threshold level method
applied to positive runoff data. An implementation of the CDP approach is presented in Fig. 3.
The runoff time series plotted in Fig. 3a contains multiple periods with zero runoff. The first
step is to apply the threshold method, to identify months that are in drought but still contain
positive runoff values (Fig. 3a). Based on this information, two different series are identified.
The first contains the consecutive number of months with zero runoff (Fig. 3b, red line), while
the second contains the number of consecutive months for a pixel either being in a drought
(based on the threshold method) or containing zero runoff. Based on all data in the first series
and the threshold of interest, one is able to calculate a consecutive number threshold value for
a given exceedence interval (Fig. 3b, dashed line). This consecutive number threshold value is
compared to the second series, which contains both the threshold level method and zero runoff
information. In case the monthly value of that second series is larger as compared to the consec-
utive number threshold value for a month with zero runoff data, the pixel experiences a drought.
In the space-time analysis of drought and the comparison with major historical drought events,
several exceedance percentiles (Q80, Q85, Q90, Q95) were derived from the flow duration curve.
In this study, for instance, the Q80 is defined as the flow that is equaled or exceeded in 80% of
the time. It was decided to use multiple percentile levels, in order to be able to assess the sever-
ity of a drought within a spatial event, as well. Comparison between the different models with
respect to their general drought characteristics was performed with the monthly Q80 threshold.
The Q80 value was selected in order to be consistent with other global and large scale studies
(e.g. Sheffield et al. (2009); Andreadis et al. (2005)). This value is an indication of low flows
rather than focusing on severe drought events only.
Technical Report No. 42 -5-
2 METHODOLOGY AND DATA
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
Variable threshold Zero runoff
(a
M
e
a
n
 r
u
n
o
ff
 (
m
3
 
s
−
1
)
0
1
2
3
4
5
6 Variable threshold drought + Zero runoff
Zero runoff
CDP threshold
(bC
o
n
s
e
c
u
ti
v
e
m
o
n
th
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
(c
Identified drought
M
e
a
n
 r
u
n
o
ff
 (
m
3
 
s
−
1
)
Time (months)
Figure 3: Drought identification approach for a given exceedence interval. a) gives the variable
threshold method. Black dots indicate months with zero runoff. Red line in b) shows the
consecutive number of months with zero runoff from which a threshold can be calculated based
on a given exceedence interval (dashed line). In case the consecutive number of dry months,
which are either in drought based on a) or that have zero runoff, is larger than this consecutive
threshold value, a drought is observed during the month with zero runoff. The final result of
identified months experiencing a drought is plotted in c.
2.3.2 Spatial drought identification
As explained before, it can generally be expected that, in case a drought is observed, this will
encompass multiple individual half-degree grid cells. In literature, multiple techniques have been
developed to cluster individual cells in drought. The most straightforward method to perform
such a cluster identification is to join neighbouring cells. Andreadis et al. (2005) applied a
recursion-based approach to link a given cell, which is in a drought, to its eight neighbours.
Even though this method is easy to implement, recursion-based approaches consume lots of
computing power. Next to that, recursion-based approaches are impossible to implement in a
hierarchical manner. Therefore, if one wants to implement a clustering scheme which is able to
assess drought for different percentile levels, one has to repeat this analysis multiple times, before
one is able to link these drought regions hierarchically, which again increases computation time.
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In this study, it was therefore decided not to implement a recursion-based approach. Especially
since the focus here lies on identifying drought clusters at the global scale.
The current study implemented a top-down divisive deterministic clustering algorithm using
a connected component technique. The general ideas behind connected component techniques
were originally developed by Rosenfeld & Pfaltz (1966) and Rosenfeld (1970). This approach
makes it possible to discriminate within a given drought region, multiple subregions for which
the simulated drought is more intense, in a fast and straightforward manner.
To focus only on major spatial drought events, an areal threshold was included (Tallaksen
et al., 2009; Sheffield et al., 2009). This areal threshold differs for each percentile, for the
80th percentile the areal threshold is 25 grid cells (approximately 62 500 km2). The higher the
monthly threshold, the smaller the areal threshold becomes, because the severity of the drought
increases with the percentile.
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3 Results
3.1 General drought characteristics
For each of the models the drought characteristics are determined separately for each cell over
the globe. In some cells the threshold level method is used, in other cells a combination of
the CDP approach and threshold level method (Section 2.3.1) . In most models there are also
cells which never have runoff, e.g. in the Sahara and Greenland. These cells are completely
excluded from all analyses, the number of cells which do not have runoff are given in Table 2
(last column) for each model. Table 2 also gives an overview of the number of cells in which the
CDP approach is used in the different models. These numbers differ substantially between the
models, this is caused by the different way models implement storage and, associated to that,
how they react to rainfall. Very fast reacting models, like LPJml, have much more cells with
zero runoff than slowly reacting models like MacPDM. There is a distinction between the LSMs
(top five models Table 2) and the GHMs, all LSMs have a similar number of cells with the
combined CDP approach, while the GHMs give a much lower number of cells, except LPJml.
However, runoff can be very small in the models with very limited number of cells with zero
runoff (e.g. GWAVA) in for example arid regions.
One of the calculated drought characteristics is the average duration. Fig. 4 shows the results
for all models. The average duration is given for each cell and is presented in percentiles of the
total range of average durations of all cells for a particular model to account for large differences
in absolute values among the models (Appendix A). For example, if a particular cell has got
the colour green it implies that the cell has an average drought duration that is in the range of
the 40-60% percentile of the average drought duration of all cells. So at least 40% of the cells
of that particular model have a longer average drought duration.
Cells that do not have droughts in the entire time series (e.g. part of the Sahara) are given
in gray. In the calculation of the average drought characteristics, droughts that started in the
first timestep or do not end before the time series ends, are not taken into account. Therefore,
there can be more cells without droughts in the analysis than cells without runoff. GWAVA, for
example, simulates time series in parts of the Sahara which slowly drop during the entire time
series. Too high initial conditions or one rainfall event in the beginning of this time series could
cause this behaviour. This will always lead to a drought at the end of the time series, because
that is where the lowest runoff values occur. Since this drought does not end within the time
series, it is not taken into account when calculating the average drought duration. Cells with
this phenomena are thus given in gray here. However, in the spatial drought analysis (Section
3.2), drought areas are calculated separately for each time step, in which case these cells are
taken into account and can become part of a drought cluster.
All models give, as expected, a long average duration in the driest areas of the world, e.g. the
Sahara, only the extent of this area differs between the models. Most of the models also agree
on short average duration in areas with a high runoff. These areas have a high variability in
runoff which leads to many, short droughts e.g. the Amazon catchment. Large differences are
visible in the cold arid regions, e.g. Siberia and Alaska, this is caused by the different snow
schemes of the models, the difficulties that models encounter when modeling snow processes and
the fact that not all models include a glacier scheme (Haddeland et al., 2011). This is also the
reason Greenland is excluded from the results of the average drought durations. Other drought
characteristics, like total number of drought (Appendix B), give a similar result.
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Table 2: Number of cells for each model with CDP approach and zero runoff
Model # cells CDP approach # cells without runoff
H08 13942 53
JULES 16421 96
Orchidee 16477 350
HTESSEL 15296 556
MATSIRO 12819 569
WaterGAP 4820 818
LPJml 44990 140
GWAVA 0 74
MPI-HM 4427 3350
MacPDM 0 0
H08
JULES
Orchidee
HTESSEL
MATSIRO
WaterGAP
LPJml
GWAVA
MPI−HM
MacPDM
Figure 4: Average duration of droughts presented in percentiles of total range of durations for
each global model.
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3.2 Spatial drought analysis
To compare simulated drought events with documented major historical drought events, one
event is selected for each continent to investigate whether the models are able to reproduce the
spatial extent of these events. The major events chosen here are selected based on literature
(e.g. Sheffield et al. (2009)). For each drought event, the spatial extent of the drought clusters in
a particular month are given. Besides the graphical presentation also some characteristics of the
clusters at that time step are calculated. For each time step, the total number of clusters spread
over the world, the average size of these clusters, the size of the largest cluster (both in real area
(km2) based on the projection of the world and in number of grid cells) and the coordinates of
the centroid of the largest cluster are given. Although the months that are shown are based on
a drought event in a certain continent, the clusters are given for the whole globe. There might
be also substantial drought clusters in other continents in that particular month. These other
drought events are also discussed. The drought events are described in chronological order.
3.2.1 South America
In 1963 a drought event with a large spatial extent and long duration occurred in South America
(Sheffield et al., 2009). In Table 3 and Fig. 5 the drought clusters for all models and their char-
acteristics are given for October 1963. Almost all models agree on a drought in South America,
however the exact spatial extent and location differ. The results of MATSIRO stand out in the
figure showing a very large area of the globe in drought. This is exceptional and it is unclear
as to why this model gives this result, this could be caused by a too short spin-up period, since
the results of MATSIRO deviate from the other model results mainly during the beginning of
the time series (see also Section 3.2.2).
Besides the drought in South America, other regions also show large clusters of drought. All
models, except MacPDM, give drought in the US and Australia, although especially in Australia
the extent and severity differ substantially. The year 1963 is mentioned as the beginning of a
multiyear drought in Australia from 1963 to 1968 (BoM, 1997). The fact that this was more or
the less at the start of the drought event could cause difference between the models, since they
all have different model structures causing faster or slower reactions of the subsurface runoff to
the meteorological forcing data.
The 1963 drought in the US is also a known event described in literature (Andreadis et al.,
2005). The spatial extent and severity of this event agree quite well in 8 of the ten models (only
MATSIRO and MacPDM produce deviant results). These eight models all place the centroid
of the largest cluster in the US in this month (Table 3). Although the exact areas of the largest
cluster differ, most of these models agree reasonably well. The H08 model gives a larger area in
the US compared to the rest, however looking at the spatial extents given in Fig. 5 this model
does not stand out. Probably the other models are dividing the drought in the US in two or
more clusters with only a small number of non-drought cells in between them, while for the H08
model these cells are all connected. This could be prevented by using a different threshold of
the division of clusters, so that more than only neighbouring cells are taken into account when
identifying the clusters.
Overall, most models agree that at this timestep there were three large drought events spread
over the globe, with the drought in the US having the largest spatial extent.
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Table 3: Characteristics of low flow clusters across the globe in October 1963
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 69 49.3 215 751.2 3054 -89.25 45.25
JULES 81 34.5 152 498.5 2271 -87.75 44.25
Orchidee 84 34.5 140 438.6 1884 -84.25 41.75
HTESSEL 79 35.6 149 540 2452 -93.25 44.25
MATSIRO 54 127.1 644 2124.8 11591 -168.75 52.25
WaterGAP 66 35.4 155 537.4 2395 -87.75 42.75
LPJml 58 53.7 208 594.1 2675 -87.75 43.75
GWAVA 72 36.2 150 560.3 2523 -87.25 43.75
MPI-HM 73 39.5 164 580.3 2580 -87.75 42.75
MacPDM 61 29.6 120 453.5 1555 -58.25 -17.75
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Figure 5: Spatial distribution of low flow clusters with runoff below a number of thresholds (80,
85, 90 and 95 percentile) derived from all models for October 1963
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3.2.2 Australia
In Table 4 and Fig. 6 drought clusters are given for the month January in 1965. In the period
1963-1968 a large part of Australia experienced a severe multiyear drought (BoM, 1997). This
month gives a snapshot of that drought. From Fig. 6 and Table 4 it is clear that most models
have more or less a comparable average size in clusters (except MATSIRO), and also a com-
parable number of clusters. MATSIRO, as mentioned before (Section 3.2.1), stands out with a
very large area of the globe in drought.
Most of the models (7 out of ten) agree on the location of the largest drought cluster in this
month and place it in the middle of Australia. Although all models agree on a large drought in
this part of the world, the drought in Australia is represented differently by each model when
looking at the spatial extent.
Besides the drought in Australia, all models give other, smaller areas in drought spread across
the world. However, there is less agreement between the models about the occurrence and
extent of these events.
Table 4: Characteristics of low flow clusters across the globe in January 1965
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 71 39.9 188 636.1 2300 133.75 -25.75
JULES 73 32.2 137 426.7 1544 135.25 -26.25
Orchidee 77 28.9 128 592.6 2163 133.25 -27.25
HTESSEL 79 27.5 122 538.5 1947 135.25 -25.75
MATSIRO 60 59.1 334 861.6 4950 -107.75 55.25
WaterGAP 81 25.2 117 406.8 1434 132.25 -22.75
LPJml 51 36.0 144 641.3 2329 133.75 -26.25
GWAVA 75 25.8 115 433.7 1542 134.25 -24.25
MPI-HM 69 32.2 146 403.9 2010 96.75 57.25
MacPDM 44 50.8 209 384.2 1367 -64.25 -22.25
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Figure 6: Spatial distribution of low flow clusters with runoff below a number of thresholds (80,
85, 90 and 95 percentile) derived from all models for January 1965
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3.2.3 Europe
In 1976 a long period of lower than normal rainfall, beginning in autumn 1975, caused a severe
and widespread drought in Europe (Zaidman et al., 2002; Stahl, 2001). In June and July
1976 the drought event reached its maximum spatial extent. Most affected areas were Western
Europe and the UK spreading to Central Europe and later on to Northern Europe (Zaidman
et al., 2002; Stahl, 2001). The models all agree on a drought event in July 1976 (Fig. 7), and,
apart from Orchidee and LPJml, they show a very similar spatial extent corresponding to the
areas mentioned in literature. Less agreement can be found in the other drought events captured
by the models, some give large events in Australia, others in the US. Table 5 also shows this;
the coordinates of the centroid of the largest cluster differ between the models. Six models
(JULES, HTESSEL, MATSIRO, WaterGAP, GWAVA, MacPDM) place the largest cluster in
Europe and they also give more or less the same area in drought for the maximum cluster.
Table 5: Characteristics of low flow clusters across the globe in July 1976
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 73 39.0 184 506.2 1851 130.75 -27.25
JULES 92 26.1 125 292.9 1614 15.25 53.75
Orchidee 90 23.4 112 235.2 895 82.25 64.25
HTESSEL 85 26.7 125 415.8 2334 24.25 54.75
MATSIRO 68 28.8 141 337.0 1826 16.75 53.25
WaterGAP 89 27.1 128 354.2 2009 16.25 54.75
LPJml 80 29.6 132 359.8 1328 129.75 -28.25
GWAVA 77 26.0 120 284.3 1614 15.25 54.75
MPI-HM 79 25.9 122 230.5 1214 94.25 62.75
MacPDM 74 34.2 155 323.3 1752 14.75 53.25
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Figure 7: Spatial distribution of low flow clusters with runoff below a number of thresholds (80,
85, 90 and 95 percentile) derived from all models for July 1976
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3.2.4 Africa
In the 1980s large parts of Africa suffered from drought, one well-known event is a drought in
the Sahel in 1983-1984 (Dai et al., 2004; Sheffield et al., 2009; Dai, 2011). This event was
caused by very low rainfall in the Sahel that followed after a major El Ni˜no event in 1982-83
(Dai et al., 2004). According to Sheffield et al. (2009), this drought event spread over Africa
and reached its maximum extent in April 1983. Therefore Table 6 and Fig. 8 show drought
clusters and their characteristics for this particular month from all models. From Fig. 8 it can
be concluded that all models pick up on a drought event in the Sahel. Most models also extent
the drought into Southern Africa. Overall there is a good agreement on the spatial extent of
the drought in the Sahel between the models and also with the area in drought as given by
Sheffield et al. (2009).
However, the models also simulate drought in other parts of the world, which explains why
the coordinates of the centroid of the maximum cluster differ between the models. Besides the
drought in the Sahel (5 models locate the largest cluster there), large droughts are simulated in
Southern Africa (WaterGAP, MPI-HM and MacPDM place the maximum cluster there). When
models agree on the spatial location of the largest cluster, the area of the largest cluster they
give is also very similar. All models also agree on drought in South America, especially in the
northwest part. Part of Indonesia is suffering from drought according to all models, but not as
widespread as in 1997 (Section 3.2.6). These areas where drought is simulated are all influenced
again by the major El Ni˜no event of 1982-83 mentioned by Dai et al. (2004), although in this
particular month not as severe as in October 1997 (Section 3.2.6).
Table 6: Characteristics of low flow clusters across the globe in April 1983
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 71 43.3 193 642.1 2195 4.75 14.75
JULES 76 29.8 123 270.8 885 3.75 6.75
Orchidee 82 28.9 134 211.4 689 3.75 5.75
HTESSEL 78 32.1 139 276.4 902 4.75 6.25
MATSIRO 74 24.5 116 311.0 1010 -54.25 -2.25
WaterGAP 92 33.3 147 336.7 1170 24.75 -20.75
LPJml 56 60.0 271 597.8 3667 99.25 57.75
GWAVA 82 29.5 130 228.2 745 2.75 6.25
MPI-HM 69 43.5 180 324.9 1137 23.75 -21.25
MacPDM 87 33.8 151 369.4 1292 24.75 -21.25
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Figure 8: Spatial distribution of low flow clusters with runoff below a number of thresholds (80,
85, 90 and 95 percentile) derived from all models for April 1983
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3.2.5 North America
In 1988 a severe drought occurred in the United States, leading to an estimated $30 billion in
agricultural losses and contributing to 10 000 deaths from heat stress according to Trenberth
& Branstator (1992). This drought event was caused by extreme low rainfall in April, May and
June 1988. The meteorological drought ended in July, when rainfall returned to normal or even
above normal conditions. However, dry soil conditions, heat waves and hydrological drought
continued in July and August. Regions most affected were the Great Plains, the Mid West
and the Lower Mississippi Valley (Trenberth & Branstator, 1992). In Table 7 and Fig. 9 the
drought clusters simulated by all models are given for July 1988. All models simulate drought
in the United States. Most models, except for LPJml and Orchidee, also more or less agree
on the spatial extent and locate the drought in the areas that were mentioned by Trenberth &
Branstator (1992). The small spatial extent of the drought given by LPJml could be caused
by the way a model reacts to rainfall. If this reaction is very fast, the hydrological drought
could be ended by the model in July, because rainfall also returned to normal conditions in this
month. The spatial extent as given by most of the models is fairly similar to the ones given by
Andreadis et al. (2005) and Sheffield et al. (2009) for June 1988. Six models place the largest
spatial cluster of this month in the US, however the maximum area of this largest cluster differs
between about 225 and 560*104 km2 (Table 7). Some models have divided this drought event
in several clusters (see JULES and Orchidee).
Further, all models agree on a drought event in parts of Russia, some place the largest cluster
there. A drought event in (southern) South America is also given by all models. This drought in
South America corresponds with a drought event found by Sheffield & Wood (2007) in southern
South America in 1988 and is linked to a La Nin˜a event.
Table 7: Characteristics of low flow clusters across the globe in July 1988
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 68 34.3 178 310.9 1799 63.75 61.25
JULES 75 27.2 131 232.9 1067 -100.75 44.75
Orchidee 79 25.4 125 228.2 1054 -91.75 45.25
HTESSEL 75 30.4 145 451.7 2037 -93.25 43.75
MATSIRO 73 25.8 128 253.2 1195 64.25 61.75
WaterGAP 75 31.6 149 455.5 2078 -95.25 44.75
LPJml 68 30.3 156 208.6 1382 64.75 60.75
GWAVA 66 30.4 146 320.6 1691 56.25 60.75
MPI-HM 80 32.4 150 395.4 1785 -96.75 43.75
MacPDM 61 41.1 198 561.3 2585 -92.75 45.25
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Figure 9: Spatial distribution of low flow clusters with runoff below a number of thresholds (80,
85, 90 and 95 percentile) derived from all models for July 1988
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3.2.6 Asia
Drought clusters and their characteristics in October 1997 are shown in Table 8 and Fig. 10.
Sheffield et al. (2009) indicate that the drought of 1997-98 had the largest spatial extent in Asia.
In Fig. 10 it can be observed that all models indeed show drought in Asia, more specifically, in
large parts of China and the Indonesian Archipel and its surroundings. The 1997 drought in
China was not the most severe drought within China in the last years according to Dai (2011),
but is given as an extreme drought. All models show multiple clusters within China. Some
clusters are merged by some of the models leading to a larger spatial extent.
Besides the drought in Asia, all models also give an extreme event in the Amazon and some
give drought in the Sahel region. Both these drought events and the one in Indonesia are linked
to the El Ni˜no Southern Oscillation (ENSO) and are known major historical events (Bell &
Halpert, 1998; Tomasella et al., 2011). The influence of ENSO was very strong in 1997, leading
to very low water levels in the Amazon region and large forest fires in Indonesia (Bell & Halpert,
1998; Tomasella et al., 2011). All models seem to agree well on the spatial extent of both the
drought events in the Amazon and in Indonesia. A drought event is also visible in all models in
Western Africa (e.g. area around the Congo river). Some models also include the Sahel. There
is a relation between the drought in the Sahel and ENSO (Bell & Halpert, 1998), for the other
regions this is less well documented for the year 1997.
Most models agree well on the average size of the clusters spread over the globe and the number
of clusters, an exception is GWAVA which has a larger average size of the clusters. Because a
couple of large events occur across the globe in this particular month, the models give different
locations for the centroid of the largest cluster (Table 8). From the ten models, four have the
largest cluster somewhere in China, while five models locate the largest cluster in the Amazon.
GWAVA is the only one with the largest cluster in Africa. Since the location differs between
the models, also the area of the largest cluster is different. However, when models agree on the
location, the area of the largest cluster is very similar between these models.
Table 8: Characteristics of low flow clusters across the globe in October 1997
Model # Average size Area max cluster Centroid largest cluster
clusters 104 km2 # cells 104 km2 # cells lon (◦) lat (◦)
H08 64 46.8 205 663.9 3027 91.75 44.25
JULES 72 34.3 139 415.2 1358 -64.25 -2.25
Orchidee 69 39.5 171 419.5 1371 -65.25 -2.75
HTESSEL 69 41.2 185 647.3 2817 93.75 41.75
MATSIRO 71 40.0 175 539.8 2354 95.25 41.75
WaterGAP 67 40.9 177 391.8 1274 -62.75 0.25
LPJml 58 41.5 167 460.8 1506 -64.75 -2.75
GWAVA 56 59.4 271 754.6 2571 15.25 14.75
MPI-HM 64 49.1 211 591.0 1930 -62.75 -2.75
MacPDM 70 48.8 218 733.6 2944 92.75 41.25
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Figure 10: Spatial distribution of low flow clusters with runoff below a number of thresholds
(80, 85, 90 and 95 percentile) derived from all models for October 1997
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4 Concluding remarks
In this study, we have explored to what extent GHMs and LSMs are able to capture historic
hydrological drought events. Results of ten different models that were run over the period
1963-2000 with the same meteorological forcing data, were investigated. General drought char-
acteristics, like the average drought duration for each grid cell, were compared. These char-
acteristics show that the models give substantially different results, when comparing absolute
values. Looking at relative values a similar drought pattern between the models is observed.
Areas with a high runoff, and thus also a high variability in runoff, have many short drought
events. In contrast the driest areas in the world only have a few drought events of very long
duration. Largest differences between the average duration occur in cold arid regions.
Besides the general drought characteristics, some documented major historical drought events
(one for each continent) were selected and described in more detail. For each drought event,
the simulated spatial drought clusters and their characteristics were shown for one particular
month during the event. From these figures and tables it can be concluded that most major
drought events are captured by all models. However, the spatial extent of the drought events
differs substantially between the models. In general, the models show a fast response to rainfall
and therefore also mainly capture drought events caused by large rainfall anomalies. This was
also found in smaller catchments, see van Loon et al. (2011). Drought events related to ENSO
are also captured quite reliable by the models because of this fast reaction. However, some
drought events may end too soon in some models (e.g. LPJml), because they return to normal
conditions as soon as normal rainfall is observed, while in reality hydrological drought often
continues after the meteorological drought ends, because stores need to be replenished first.
The implementation of these storage processes is model dependent and therefore the spatial
extent of drought events can be very different between the models.
More research is still needed, since here we only looked at a few selected number of drought
events spread over the globe. To assess more in detail if these large-scale models are able to cap-
ture drought, more quantitative analyses are needed and a more elaborated comparison against
observed drought events.
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Appendices
Appendix A
Table I: Absolute values of average drought duration (in months) given for all models for selected
percentiles comparable with Fig. 4. This means that 20% of the grid cells has an average
drought duration shorter than the absolute value of the 20 percentile, the 100 percentile in this
case represents the maximum average duration found for each model.
Model Percentile
20 40 60 80 100
H08 1.8 2 2.3 2.7 93
JULES 1.6 1.9 2.2 2.9 96
Orchidee 1.5 1.8 2.2 2.9 96
HTESSEL 1.7 2.2 2.7 3.3 99
MATSIRO 1.8 2.6 3.3 5 96
WaterGAP 2.3 3.2 4.4 6.4 99
LPJml 1.5 1.8 2.5 2.9 93
GWAVA 2 2.5 3 4 84
MPI-HM 1.8 2.3 3 4.6 98
MacPDM 1.7 2 2.4 3 48
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H08
JULES
Orchidee
HTESSEL
MATSIRO
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MacPDM
Figure I: Total number of droughts presented in percentiles of total range for each global model
Table II: Absolute values of number of droughts given for all models for selected percentiles
comparable with Fig. I
Model Percentile
20 40 60 80 100
H08 36 42 48 55 94
JULES 34 43 52 63 100
Orchidee 35 44 55 68 118
HTESSEL 29 38 45 59 112
MATSIRO 19 29 37 54 131
WaterGAP 15 22 30 42 87
LPJml 38 39 55 65 121
GWAVA 21 28 33 40 80
MPI-HM 21 32 41 53 122
MacPDM 31 39 47 55 89
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